The Triton X-100-insoluble wall fraction of Aquaspirillum serpens VHA contained three major proteins: the regularly structured (RS) superficial protein (molecular weight, 140,000) and two peptidoglycan-associated proteins (molecular weights, 32,000 and 33,000). The molecular arrangement and interactions of the outer membrane and RS proteins were examined with the use of bifunctional cross-linking reagents. The peptidoglycan-associated and RS proteins were not readily cross-linked in either homo-or heteropolymers. This suggests that the free amino groups are not suitably disposed for cross-linking. Some high-molecular-weight multimers of the RS protein were produced, but the subunit structure of the RS array was not stabilized by cross-linking. The peptidoglycan-associated proteins were cross-linked to high-molecular-weight multimers, but no dimers or trimers were produced. This result suggests that these proteins exist in the outer membrane as multimers larger than trimers.
The Triton X-100-insoluble wall fraction of Aquaspirillum serpens VHA contained three major proteins: the regularly structured (RS) superficial protein (molecular weight, 140,000) and two peptidoglycan-associated proteins (molecular weights, 32,000 and 33,000). The molecular arrangement and interactions of the outer membrane and RS proteins were examined with the use of bifunctional cross-linking reagents. The peptidoglycan-associated and RS proteins were not readily cross-linked in either homo-or heteropolymers. This suggests that the free amino groups are not suitably disposed for cross-linking. Some high-molecular-weight multimers of the RS protein were produced, but the subunit structure of the RS array was not stabilized by cross-linking. The peptidoglycan-associated proteins were cross-linked to high-molecular-weight multimers, but no dimers or trimers were produced. This result suggests that these proteins exist in the outer membrane as multimers larger than trimers.
Many species of Aquaspirillum possess regular arrays of protein macromolecules (regularly structured [RS] layers) on their cell walls. These single, occasionally multiple layers of morphologically complex protein subunits, in hexagonal or tetragonal arrangement, are associated with the outer membrane by ionic or hydrogen bonds and hydrophobic interactions. The structure, assembly, and functions of RS layers of grampositive and gram-negative bacteria have been reviewed in detail (25) . In general, little is known about the chemistry of RS proteins or the specific interaction between these proteins and the components of the underlying cell wall. It has recently been proposed (27) that one of the functions of RS layers is to act as an additional permeability barrier for the cell. The holes in the RS layer, with a limiting diameter of 2 to 3 nm, would allow the diffusion of small molecules (such as nutrients) but would protect the cell from larger particles such as lytic enzymes or bacteriophages. The outer membrane of Enterobacteriaceae contains one or more major proteins which are associated with the peptidoglycan by tight, but noncovalent linkages and appear to function as porins (17, 19) . Chemical cross-linking studies have provided much information on the arrangement of proteins in the outer membrane of Escherichia coli (10, (20) (21) (22) . However, the neat model structures derived from these studies are not necessarily applicable to nonenteric outer membranes. If pores were a common feature of the gram-negative outer membrane, then the relationship between these pores and interstices in a superimposed RS layer may be functionally important.
The RS protein of Aquaspirillum serpens VHA is arranged on the outer membrane as a hexagonally packed array of subunits. Each morphological subunit consists of a protein ring with six radial spokes, which constitute the Y-linkers seen in negative stains (4, 11) . The center-tocenter spacing of the subunits is 14.5 nm, and each subunit probably consists of at least six molecules of the RS protein (11) . The cell wall of A. serpens VHA has been studied in considerable detail already in this laboratory. Previous investigations have described the isolation and partial characterization of the RS protein (2, 3) , the ionic requirements for attachment and assembly of the RS protein (4, 7) , and the phospholipid and lipopolysaccharide content of the envelope (6) . The protein composition of the outer membrane of this strain has not been studied.
In this paper, we have investigated the molecular arrangement and interactions of the outer membrane and RS proteins of A. serpens VHA by using bifunctional cross-linking reagents that react specifically with free amino groups. We have also used carboduimide derivatives that, under alkaline conditions, will form cross-links between carboxyl and amino groups (5) . We reasoned that the RS protein, predominantly acidic in amino acid composition (3) and attached to the anionic surface of the outer membrane via Ca2" (4) Triton X-100 in HEPES-Ca2" buffer to remove contaminating plasma membrane (8) . The resulting Triton-insoluble walls were resuspended to a protein concentration of 1 mg/ml in 1 mM CaCl2 and stored at -100C.
Extraction of envelopes with SDS. Envelopes were extracted with 2% SDS by the method of Rosenbusch (23) . Envelopes from 500 ml of culture were incubated with 5 ml of 2% SDS for 30 min at 500C. The preparation was centrifuged at 100,000 x g for 30 min, and the pellet was washed twice in distilled water.
Cross-linking of proteins. Triton-insoluble walls (0.1 ml) at 1 mg of protein per ml of 0.1 M sodium borate buffer, pH 9, were treated with the bis-imidoesters DEM, DMA, and DMS. The reagents were added as solids, and the samples were mixed immediately. After 30 min at room temperature, the reaction was stopped with 100 pl of 2 M methylamine hydrochloride, pH 8. The Triton-insoluble walls were recovered by centrifugation in an Eppendorf centrifuge and resuspended in 200 pl of electrophoresis sample buffer. The solutions were heated at 100°C for 3 min and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Triton-insoluble walls were crosslinked with the cleavable, bifunctional reagent DTSP by the method of Reithmeier and Bragg (22) , except that 0.05 M sodium phosphate, pH 6.8, was used as the buffer.
Carbodiimide modification ofproteins. The water-soluble carbodiimide derivatives EDC and CMC (0.1 M final concentration) were added as solids to 500 pl of Triton-insoluble walls at 1 mg of protein per ml of distilled water. The pH was adjusted to 8 with 0.02 N NaOH. After incubation at room temperature for 18 h, the Triton-insoluble walls were centrifuged, washed twice, and resuspended in 150 ,l of distilled water. The sample was mixed 1:1 with electrophoresis sample buffer, heated at 100°C for 3 min and analyzed by SDS-PAGE.
SDS-PAGE. SDS-acrylamide-bisacrylamide slab gels were prepared by the discontinuous buffer system described by Laenunli (16) , except that the electrode buffer concentration was cut in half. The stock solution of acrylamide contained a ratio of 39:1 acrylamide to bisacrylamide. Electrophoresis was performed in slabs 1.5 mm thick and 10 cm long in a Bio-Rad model 220 vertical slab gel electrophoresis cell. Samples were dissolved in the dissociation reagent of Laemmli (16) . The electrophoresis sample buffer contained 2% (wt/vol) SDS, 5% (vol/vol) 2-mercaptoethanol, and 10% (vol/vol) glycerol in 62.5 mM Trishydrochloride buffer, pH 6.8. Samples were heated as indicated in the text. Samples were electrophoresed at room temperature at a constant current of 10 mA per slab until they had entered the running gel and then at 25 mA per slab. Gels were fixed and stained simultaneously in 0.1% Coomassie brilliant blue R250-25% isopropanol-7% acetic acid, usually overnight. They were destained by diffusion in several changes of 10% isopropanol-7% acetic acid and stored in 7% acetic acid. The wet gels were photographed with Kodak High Contrast Copy Film 5069.
The molecular weights of proteins were determined by comparison with the migration of the following calibration proteins: RNA polymerase (165,000-, 155,000-, and 39,000-molecular-weight subunits), bovine serum albumin (68,000 molecular weight), and trypsin soybean inhibitor (21,500 molecular weight).
Electron microscopy. Samples were negatively stained and supported on carbon-Formvar-coated copper grids. Most samples were mixed 1:1 with 2% ammonium molybdate, pH 7, and spread by breaking a thin film in a 4-mm wire loop over the surface of the grid. Samples containing SDS or other chaotropic agents were stained by first inverting a grid over a drop of the sample. After 30 s, the grid was washed on 3 (2) . Because, in our hands, the yield of these "cell wall fragments" (2) was poor, we decided to prepare envelopes and to use this preparation for studies on the interaction of the RS protein with the outer membrane. Electron microscopy of negatively stained envelope preparations showed that the RS protein was retained on the outer membrane. The RS protein was not solubilized by treatment of the envelope preparation with Triton X-100 (Fig. 1) . The protein composition of the Triton-insoluble walls was examined by SDS-PAGE (Fig. 2 ). The RS protein had a molecular weight of 140,000 (in agreement with Glaeser et al., 11). In the presence of 8 M urea, the RS protein still migrated as a 140,000-molecular-weight (140K) polypeptide (data not shown), and thus there was no evidence for this protein existing as a trimeric form of a smaller protein, as proposed by Buckmire and Murray (4). The major proteins were two polypeptides with molecular weights of 32,000 and 33,000. The Triton-insoluble walls also contained three low-molecular-weight proteins of approximate molecular weights 25,000, 22,000, and 18,000. When mercaptoethanol was included in the electrophoresis sample buffer, the apparent molecular weight of the 25K protein increased (Fig. 2) .
We examined the effect of temperature on the solubilization of the major proteins and the existence of peptidoglycan-associated proteins in the outer membrane. Triton-insoluble walls were heated at 37, 50, and 600C for 30 min in electrophoresis sample buffer. At 37 and 50°C most of the proteins, including the RS protein, were solubilized (data not shown). However, the 33K, 32K, and 25K proteins were not solubilized unless the samples were heated at 60°C or higher. There was little difference in the gel pattern of proteins heated at 60 or 1000C, and all proteins were solubilized after 30 s at 1000C. Samples were routinely heated at 1000C for 3 min. To determine whether the 33K, 32K, and 25K proteins were peptidoglycan associated, we extracted the Triton-insoluble walls with 2% SDS at 500C and examined the pellets for proteins. All three proteins remained associated with the peptidoglycan and were removed by heating at 1000C (see Fig. 5, lane 1) .
Cross-linking of proteins. Triton-insoluble walls were treated with DEM, DMA, DMS, and F , ' . ' ' '.'',..4;. DTSP and the cross-linked products were analyzed by SDS-PAGE in the presence (Fig. 3) and absence (Fig. 4) of mercaptoethanol. The appearance of high-molecular-weight multimers due to cross-linking near the top of the gels was obvious when the samples were treated with DMA and DMS (Fig. 3 , lanes 5 to 10) and DTSP (Fig. 4) . With the appearance of high-molecularweight multimers, there was a concomitant decrease shortest reagent, DEM (bridge length of 0.5 nm), except for the mercaptoethanol-modifiable protein (25K) (arrow in Fig. 3 ) which was readily cross-linked by all three imidoesters and DTSP. The 32K and 33K proteins were not readily cross-linked by any of these reagents. New bands appeared just above and below the unmodified proteins, but there was no evidence for formation of dimers or trimers of these proteins, even at low concentrations of DTSP. If these proteins were cross-linked to the peptidoglycan or into large homo-or heteropolymers, the resulting multimers would not enter the stacking gel. To test the first hypothesis, we treated Triton-insoluble walls with DTSP and then heated them at 100°C for 3 min. The SDS-insoluble material was pelleted by centrifugation at 100,000 x g and washed in distilled water. Any proteins not covalently linked to the peptidoglycan would be removed by this procedure. The SDS-insoluble fraction was analyzed electrophoretically upon reduction with mercaptoethanol (data not shown). A small amount of the 32K and 33K proteins was found in this fraction, but not enough to explain the lack of dimers or trimers. However, the 18K protein was almost quantitatively cross-linked to the peptidoglycan.
To test whether the 32K and 33K proteins were being cross-linked to the RS protein into high-molecular-weight multimers, we extracted envelopes with SDS at 50°C and treated the SDS-insoluble fraction with DTSP. The SDSinsoluble envelope contains three proteins (Fig.  5) : the two major proteins and the 25K protein.
A small amount of a new band with a molecular weight of approximately 68,000 appeared after cross-linking with the lower concentrations of DTSP. This could be a dimer of the 32K or 33K proteins or both. However, no trimers of these proteins were produced. At the highest concentration of DTSP (Fig. 5, lane 4) , no multimers of these proteins were evident, and thus they must have been cross-linked directly into high-molecular-weight products which did not enter the stacking gel. Multiple new bands which appeared just above and below the 32K and 33K proteins were produced by all the cross-linking reagents. They were most evident in the treated SDS-insoluble envelope (Fig. 5) . These bands may be the result of intramolecular cross-links, in which case the protein will be more compact and will migrate faster. The bands could also represent monofunctionally cross-linked forms of these proteins, which have aberrant mobility on SDS-PAGE.
The carbodiimide derivatives were very efficient at cross-linking most of the minor proteins of the Triton-insoluble walls, but had only limited effect on the 32K, 33K, and RS proteins (data not shown). The RS protein was crosslinked more efficiently by CMC than EDC, but no high-molecular-weight multimers appeared above the 140K band, indicating that very highmolecular-weight products must have been produced.
Effect of cross-linking on the RS array. Since each morphological subunit of the RS array consists of at least six protein molecules (11), then intermolecular cross-linking between RS protein molecules within the subunit should stabilize the morphological structure of the subunit. The cross-linked RS protein would not be disrupted by guanidine hydrochloride or urea, reagents that normally remove the RS protein from the outer membrane and disperse the protein into its monomeric (140K) form (2) . As a control, Triton-insoluble walls were treated with guanidine hydrochloride at room temperature, and guanidine hydrochloride-insoluble material was examined by SDS-PAGE and negative staining (Fig. 6 ). The RS protein was quantitatively removed from the outer membrane, as judged by both criteria. The pitted surface typical of the Aquaspirillum outer membrane was revealed. Guanidine hydrochloride also removed the RS protein monomers and cross-linked multimers from Triton-insoluble walls treated with DTSP (100 ,ug of DTSP per 100 yg of protein); all high-molecular-weight bands disappeared from the guanidine hydrochloride-insoluble residue, whereas the remaining polypeptides were unchanged (data not shown). Electron microscopy of this preparation did not show any hexagonally packed subunits or individual morphological subunits either on the outer membrane or in the guanidine hydrochloride extract. Similar results were obtained with guanidine hydrochloride extraction of DMS-and CMC-treated Triton-insoluble walls. Therefore, the RS array was not stabilized by covalent cross-linking.
DISCUSSION
The RS protein of A. serpens VHA was not efficiently cross-linked, either to itself or to the outer membrane proteins. Since the RS protein exists as a macromolecular assembly of at least six protein monomers, it was anticipated that the RS layer would be readily cross-linked. Since we know that the RS protein is not deficient in lysine residues (3), then it seems that these free amino groups are not suitably disposed for reaction with cross-linking reagents. This would also limit the amount of cross-linking observed with EDC and CMC, since amino groups are still the morphological subunit, the RS array would be relatively unreactive. This feature would be advantageous for a protein surface layer acting as a nonspecific permeability barrier.
Even when we were able to cross-link the RS protein with DMS or DTSP, no morphologically recognizable subunits were found in the guanidine hydrochloride extracts. We were thus unable to stabilize the three-dimensional structure of the subunit. We know that hydrogen and ionic bonds are important for the assembly of the morphological subunit and the array (4). Unless the cross-links have been formed in the crucial areas of the tertiary structure, any multimers of the RS formed would not retain a recognizable structure upon treatment with guanidine hydrochloride. Therefore, highly specific modes of cross-linking would be required for structural stabilization.
The RS protein of A. serpens VHA is strongly associated with the outer membrane. It is not removed during mechanical disruption of cells (French press, sonication), by cationic substitution, or by treatment with non-ionic detergents (Triton X-100), including those with high hydrophile-lipophile balances which are known to release peripheral (or extrinsic) proteins from membranes (13) (S. F. Koval and R. G. E. Murray, unpublished data). This strong interaction (probably hydrophobic) was not detected by the cross-linking reagents.
The outer membrane of A. serpens VHA is similar to that of the Enterobacteriaceae in that it possesses two peptidoglycan-associated major outer membrane proteins. The outer membrane ofA. putridiconchylium also possessed two peptidoglycan-associated major outer membrane proteins of molecular weights 30,000 and 31,500 (S. F. Koval and T. J. Beveridge, unpublished data). Schweizer et al. (24) have reported the presence of a major protein band of a molecular weight of 40,000 in "ghost" preparations of the type strain of A. serpens ATCC 12638. This band consisted of two polypeptides, Ia and Ib, whose association with the peptidoglycan was not examined. The presence of multiple peptidoglycan-associated major outer membrane proteins may be characteristic of Aquaspirillum species, as is the case for species of the Enterobacteriaceae (15, 17) . However, the organization of these proteins in the outer membrane of Aquaspirillum species may differ from that of E. coli. Palva and Randall (21) (12) . Nikaido (19) has suggested that large pores may be the prototype of hydrophilic pores in gram-negative bacteria, and that enteric organisms have evolved smaller pores to cope with their particular ecological niche.
Despite their close association with the peptidoglycan, the peptidoglycan-associated proteins are not readily cross-linked to the peptidoglycan. Endermann and Henning (10) found that only about 10% of these proteins could be cross-linked to the peptidoglycan in E. coli K-12 strains. A similar result was obtained with A. serpens VHA. This small degree of cross-linking may be the result of a lack of suitably disposed amino groups. However, the free form of the lipoprotein is readily cross-linked to the peptidoglycan of E. coli (10, 20, 22) . We observed similar cross-linking of the 18K protein of A. serpens VHA. This protein may thus be analogous to the enteric lipoprotein. It is not known whether A. serpens VHA possesses free or bound lipoprotein, although Martin et al. (18) have reported on the basis of ultrastructural studies that A. serpens does not have a covalently bound lipoprotein on the peptidoglycan.
Rosenbusch (23) and Steven et al. (26) postulated that the matrix protein of E. coli B was arranged in a hexagonal lattice, with each morphological unit containing three protein molecules. We did not observe (by optical diffraction of electron micrographs) any regular hexagonal packing of the major outer membrane proteins of A. serpens VHA or A. putridiconchylium in envelopes extracted with SDS at 50°C. However, negative stains and freeze-etch preparations of the outer membranes of most Aquaspirillum species studied (1, 8) reveal a pitted surface (see Fig. 6 ), which suggests that some higher-order structures are made. In the case of A. putridiconchylium (1), selected areas of the outer membrane exhibit hexagonal packing of pits, with a center-to-center spacing of approximately 7 nm. With A. serpens there is considerably less regular packing of the pits and thus no definitive statement can be made as to their arrangement. VOL. 146, 1981 on October 19, 2017 by guest http://jb.asm.org/
